Summary DNA extracted from familial and sporadic colorectal neoplasms was compared with constitutional DNA using a range of hypervariable locus specific probes to assess the extent of allele loss during conversion to malignancy. Chromosome 5 allele loss was observed in 23% of carcinoma samples, as previously found by others. However, we have been able to show for the first time loss of the D5S43 locus on chromosome 5 in adenomas from three patients, two of whom had the precancerous condition adenomatous polyposis coli (APC). These results suggest significant genetic changes involving chromosome 5 are occurring in benign adenomas. Probes for chromosome 1 (loci D1S7 and D1S8) and for chromosome 7 (loci D7S21 and D7S22) revealed no notable alterations in the adenoma samples. Complete loss of alleles for loci on chromosome 7 was not observed in carcinomas but reduced intensity of one parental allele was found in three specimens one of which was known to have multiple copies of this chromosome. Results using probes for chromosome suggest that deletion of the D1S7 or D1S8 loci is not a common event in colorectal carcinogenesis. Loss of chromosome 5 alleles in adenomas from APC patients provides evidence in support of Knudson's hypothesis.
The observed characteristics of the autosomal dominant condition, adenomatous polyposis coli (APC-Human Gene Mapping 9, 1987) , are hyperproliferation of epithelial and mesenchymal tissues (Bussey, 1975; Bulow, 1987) and widespread spontaneous chromosome instability (Gardner et al., 1982; Delhanty et al., 1983) . Expansion of the proliferative compartment of the colonic crypts and shift of this region to the mucosal surface (Lipkin, 1988) results in the production of hundreds of adenomatous polyps by the second decade of life. Without surgical intervention progression to malignancy occurs in all cases (Muto et al., 1977) .
The gene for APC (also called FAP-familial adenomatous polyposis) has been mapped to chromosome 5, region 5q21-22 by virtue of close linkage to the probe Cllpl l (Bodmer et al., 1987; Leppert et al., 1987) . According to Knudson' s hypothesis (Knudson, 1971) , exemplified classically by retinoblastoma (Cavenee et al., 1983) , inheritance of one mutant form of the gene should be followed by loss or inactivation of the normal allele in tumorigenesis. Loss of chromosome 5 alleles relative to non-malignant tissue has indeed been found in three out of five informative APC cancers (Okamoto et al., 1988) . Following the retinoblastoma model, in sporadic cases of colorectal cancer reduction of heterozygosity for loci on chromosome 5 should also be demonstrable; evidence for this in at least 20% of cases has been gathered (Solomon et al., 1987; Okamoto et al., 1988) . However, in these previous studies investigation of adenomas from APC patients revealed no loss of DNA restrictions fragments from chromosome 5 compared with normal tissue. We wish to report the first examples of such loss in adenomas from polyposis patients and from a normal individual, shown by the use of highly informative locus specific minisatellite probes (Wong et al., 1987 In addition, cells were cultured from a colon carcinoma cell line established from an APC patient, no. 27 (Paraskeva et al., 1984) ; the corresponding normal fibroblasts were grown from a skin biopsy in this laboratory.
Adenomas from the majority of APC patients were 5mm or less in diameter-the exceptions are listed in Table II . The two sporadic adenomas were 5 mm and 1 cm in size. None had any macroscopic evidence of malignant change.
DNA extraction and hybridisation DNA was prepared from tissue samples and cultured cells by standard methods (Maniatis et al., 1982) . Samples were digested with the appropriate restriction endonuclease and were size fractionated by electrophoresis through 1 % agarose gels. The DNA was transferred to Gene Screen Plus hybridisation membrane (NEN, Dupont) according to the manufacturer's specifications. DNA probes were radiolabelled with cx-32P-dCTP (3,000 Ci mmol-1) by the random hexanucleotide primer method (Feinberg & Vogelstein, 1983) to a high specific activity. Hybridisations were performed at 65'C in 1% SDS, IM NaCl and 5% dextran sulphate (w:v) for 16 h. Filters were washed to a stringency of 2 x SSC and were autoradiographed at -70°C using Fuji RX-L X-ray film.
DNA probes
The locus-specific hypervariable DNA probes used (obtained from ICI Diagnostics) were: )MS1, chromosome 1 (p33-p35), AMS8 (5q35-qter), AMS31 (7p22-pter), pAg3 (7q36-qter), all of which show polymorphisms with Hinfl restrictions digests of genomic DNA, and )MS32 (1q42-q43) which requires Alul digests.
Results
The great advantage of the minisatellite probes is that they detect extremely variable loci with heterozygosites ranging from 90 to 99% (Wong et al., 1987) . However, if the locus detected by the probe is not close to the critical region of interest (as is the case for chromosome 5) loss of the whole or a substantial part of the chromosome will be detected but not small deletions which may allow expression of recessive Br. J. Cancer (1989), 59, 361-365 Table I and those for the adenomas in Table II . A total of 23 carcinoma patients were informative for the probe iMS I, which recognises the locus D1S7 on chromosome 1; all the cancer samples retained heterozygosity. Thirteen adenoma patients (11 of them APC) were also informative with this probe; none showed any changes with adenoma formation. Heterozygosity for the second chromosome I probe, AMS32 (locus DIS8), was revealed in 22 carcinoma patients; clear allele loss was found in one case (no. 27), the cancer cell line derived from an APC patient, while DNA from two sporadic cancers (nos. 8 and 11) showed different sized bands compared with the normal counterpart (Figure 1 ). Of eleven informative adenoma patients (10 of them APC) a single adenoma from a total of five from one APC patient (no. 32) showed an altered band size; this specimen was a 2 cm diameter sessile villous polyp (Figure 1) .
With the chromosome 5 probe, AMS8 (for locus D5S43), 22 carcinoma patients proved informative and allele loss was seen in two cancers (nos. 15 and 25) with decreased intensity of one allele in a further three (nos. 12, 19 and 26); all these were sporadic cancers (Figure 2a ). Among 19 informative adenoma patients (17 of them APC) three gave evidence of allele loss in DNA from adenoma tissue. A clear reduction in intensity of the larger allele was seen in two of the three adenomas examined from one APC patient (no. 34). DNA extracted from a single adenoma from a second APC patient (no. 40) had complete loss of the smaller allele, while DNA from the sporadic polyp of patient 52 showed a similar loss (Figure 2b) .
Two probes were available for chromosome 7. A total of 20 carcinoma and 10 adenoma patients were informative with AMS31 (D7S21). One of the carcinomas (no. 23) exhibited reduced allele intensity together with the appear- Reduced intensity of one of a pair of allelic fragments rather than complete loss probably reflects the presence of normal stromal tissue in the neoplasm, the coexistence of more than one clone, or duplication of one allele at the expense of the other.
Discussion
We have compared DNA extracted from a number of colorectal neoplasms with constitutional DNA using a range of highly informative locus specific probes. (Table III) , demonstrating probable APC allele loss in not only the APC precancerous condition, but also in an adenoma from a non-APC individual. These results suggest that significant genetic changes involving chromosome 5 are occurring in benign adenomas, whereas the other probes tested revealed no notable alterations in the adenoma samples. In view of the number of polyps typically present in APC patients, an average of just over 1,000 in Counted colectomy specimens, the rate of conversion to malignancy is low (Bussey, 1975) . Allele loss in three of 38 informative adenomas thus appears to be significant. While this paper was in preparation Law and colleagues published the results of their study on non-syntenic allelic loss in colorectal carcinomas and adenomas (Law et al., 1988 (Reichmann et al., 1985) . In this study, while complete loss was not seen, reduced intensity of alleles on this chromosome was observed in DNA from three separate carcinomas, one of which was known to have multiple copies of chromosome 7. The DNA results indicate duplication of one parental chromosome at the expense of the other in the latter case.
Increased copy number of this chromosome is thought to be important in careinogenesis of solid tumours in general (Van Der Berghe, 1987) . The various proto-oncogenes mapped to chromosome 7 are obvious candidates for a role in this process (Human Gene Mapping 9, 1987) .
In common with most malignancies, chromosome 1 structural alterations are frequent in colorectal cancer (Reichmann et al., 1984) . Before this study we had evidence for loss of expression of the x-fueosidase gene (located at lp34) in two of six informative colorectal cancers, although phosphoglucomutase 1 (at lp22) expression remained, (Cavenee et al., 1983; Koufos et al., 1984; Orkin et al., 1984) and certain adult cancers (Koufos et al., 1985; Fearon et al., 1985; Kok et al., 1987) . APC is unusual in that heterozygosity for the deficiency gives rise to local growth excesses, possibly through a threshold effect produced by fluctuating levels of gene product (Solomon et al., 1987 1988), which suggests that no irreversible genetic change has occurred. Demonstration of the clonal origin of these adenomas (Fearon et al., 1987) is not incompatible with this hypothesis since the colonic crypts are known to be maintained by a single stem cell (Griffiths et al., 1988) . Larger adenomas would be expected to have undergone one or more genetic changes of a clonal nature; we have provided evidence for this in three adenomas from two polyposis patients. In view of the multistage nature of carcinogenesis it is probable that large adenomas will have undergone several gene or chromosome mutations before reaching the fully malignant state.
In normal people loss or mutation of one copy of their two normal alleles of the APC gene would be expected to be an early event to initiate the requisite hyperproliferation for adenoma formation. Loss of chromosome 5 alleles would thus be expected in some small sporadic adenomas, of which we have one example. Chromosome instability would presumably be conferred by the heterozygous state, providing a mechanism for further genetic change by means of deletion CHROMOSOME 5 ALLELE LOSS 365 or somatic crossing over leading to homozygosity or functional hemizygosity for critical loci on chromosome 5 or on chromosomes 17, 18 and 22. The latter chromosomes have recently been implicated in colorectal cancer by cytogenetic (Muleris et al., 1987) and molecular data (Fearon et al., 1987; Okamoto et al., 1988) . Use of polymorphic DNA probes which are closer to the critical region of chromosome 5 as well as those assigned to chromosomes 17, 18 and 22 will enable us to obtain a more complete picture of the genetic events leading from adenoma to carcinoma in both polyposis patients and normal individuals.
